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Stochas(c	  backgrounds	  	  
from	  superposi(on	  

•  Gravita(onal-‐wave	  strain	  signals	  can	  be	  
represented	  as	  audio.	  

•  A	  stochas(c	  background	  =	  superposi(on	  of	  
many	  GW	  signals	  too	  faint	  to	  detect	  
individually.	  
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BNS	  chirp	  

popcorn	  signal	  

high	  duty	  cycle:	  100x	  

Gaussian	  noise	  



Stochas(c	  sources	  

•  Astrophysical	  signals	  from	  “ordinary”	  objects	  like	  
neutron	  stars	  and	  black	  holes	  in	  more	  recent	  
universe.	  

•  Cosmological	  signals	  from	  major	  life	  events	  in	  
the	  history	  of	  the	  universe,	  e.g.,	  phase	  
transi(ons,	  cosmic	  strings,	  etc..	  

•  The	  Holy	  Grail	  (fundamental	  physics):	  e.g.,	  
amplifica(ons	  of	  vacuum	  fluctua(ons	  at	  infla(on,	  
probably	  very	  hard	  to	  detect,	  but	  chance	  to	  
probe	  E=1015GeV.	  

3	  SGWB	  plo]er:	  h]p://homepages.spa.umn.edu/~gwplo]er/	  



Ω(f)	  spectrum	  

4	  Nature	  460,	  990-‐994	  (20	  August	  2009)	  

indirect	   PTA	   space	   terrestrial	   high-‐f	  



Ω(f)	  spectrum	  

5	  Nature	  460,	  990-‐994	  (20	  August	  2009)	  

indirect	   PTA	   space	   terrestrial	   high-‐f	  

•  Axion	  produc(on	  
infla(onary	  GW	  
signals	  detectable	  by	  
aLIGO	  corresponding	  to	  
energies	  of	  1017	  GeV,	  
see:	  
–  Cook	  J	  and	  Sorbo	  L,	  Phys.	  
Rev.	  D	  83	  023534	  (2012)	  

–  Barnaby	  N	  et	  al.,	  Phys.	  
Rev.	  D	  85	  023525	  (2012)	  



Ω(f)	  spectrum	  

6	  Nature	  460,	  990-‐994	  (20	  August	  2009)	  

indirect	   PTA	   space	   terrestrial	   high-‐f	  
•  Ini(al	  LIGO:	  
ΩGW<6.9x10-‐6	  
between	  40–500	  Hz.	  

•  For	  aLIGO:	  ~104x	  
improvement	  from	  	  
10x	  be]er	  strain	  
sensi(vity	  and	  fmin=	  
40Hz→10Hz	  
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Ω(f)	  spectrum	  



Detec(on	  is	  a	  very	  real	  possibility!	  

•  Given	  realis(c	  compact	  
binary	  detec(on	  rates	  
(~40	  yr-‐1),	  detec(on	  of	  
an	  astrophysical	  
background	  is	  possible	  
with	  aLIGO.	  

•  Significant	  theore(cal	  
uncertain(es.	  

•  How	  do	  we	  know	  the	  
origin	  of	  a	  signal…?	  

8	  J	  Abadie	  et	  al	  2010	  Class.	  Quantum	  Grav.	  27	  173001	  

Assumes	  design	  sensi(vity:	  ~2017–2019.	  

Thrane	  &	  Romano,	  In	  Prep	  

NBNS=26	  

NBNS=260	  



Compare	  with	  transient	  detec(ons	  
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•  Test	  popula(on	  model.	  
•  Establish	  GW	  energy	  budget.	  

Mandic,	  Thrane,	  Giampanis,	  &	  Regimbau,	  PRL	  109,	  171102	  (2012)	  



Stochas(c	  search	  

•  Goal:	  measure	  ΩGW(f).	  
•  Signal	  is	  weak	  and	  the	  (me	  series	  is	  unknown.	  
•  In	  each	  detector,	  measured	  strain	  series	  is	  a	  
sum	  of	  signal	  +	  noise:	  

	  s1(t)	  =	  h1(t)	  +	  n1(t)	  
	  s2(t)	  =	  h2(t)	  +	  n2(t)	  

•  Solu(on:	  correlate	  ≥2	  detectors	  
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Y ( f )∝ 1
N

s1
*( f ;t)s2 ( f ;t)

t=1

N

∑ =ΩGW ( f )+ΩN ( f )

correlated	  noise	  



Correlated	  noise	  from	  	  
Schumann	  resonances	  

11	  Thrane,	  Christensen,	  Schofield,	  Phys.	  Rev.	  D	  87,	  123009	  (2013)	  

n1
∗( f ) n2 ( f ) =Ωnoise



Conclusions	  
•  Real	  chance	  of	  detec(on	  of	  an	  astrophysical	  	  
stochas(c	  background	  with	  aLIGO	  +	  aVirgo.	  

•  Possibility	  of	  surprises.	  
•  Work	  in	  progress	  in	  LV	  stochas(c	  group:	  

–  characterize	  and	  mi(gate	  correlated	  noise	  
–  develop	  realis(c	  mock	  data	  for	  tes(ng	  and	  valida(on	  
–  inves(gate	  the	  detectability	  of	  different	  sources	  
–  explore	  new	  ideas,	  e.g.,	  measuring	  non-‐Gaussianity	  
–  results	  from	  S5H1H2	  and	  S6-‐VSR23	  (stay	  tuned)	  
–  enhanced	  direc(onal	  analyses,	  e.g.,	  Sco	  X-‐1…	  
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Extra	  slides	  
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Different	  gravita(onal-‐wave	  signals	  
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History	  of	  the	  universe	  
Planck	  scale	  

GUT	  scale	   EW	  
scale	  

infla(on	  

astrophysical	  
sources	  

CMB	  



Infla(on	  

16	  h]p://ned.ipac.caltech.edu/level5/March03/Lineweaver/Figures/figure8.jpg	  

inflaEon	  

reheaEng	  

Universe	  
expands	  by	  
1078x	  	  

par(cle	  
produc(on	  in	  
smooth	  Universe	  

after
n = 0 n = 0

before
≠1

amplificaEon	  of	  vacuum	  fluctuaEons	  

1015	  GeV:	  can	  not	  test	  in	  the	  lab!	  



Other	  cosmological	  sources	  

•  Prehea(ng	  
–  Inflaton	  decays	  through	  parametric	  resonance	  

•  Rehea(ng	  /	  phase	  transi(ons	  
– E.g.,	  bubble	  collisions	  

•  Cosmic	  strings	  

17	  See	  h]p://arxiv.org/abs/gr-‐qc/9909001	  by	  M	  Maggiore	  



Non-‐standard	  infla(on	  
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•  Axion	  produc(on	  
infla(onary	  GW	  
signals	  detectable	  by	  
aLIGO	  corresponding	  to	  
energies	  of	  1017	  GeV,	  
see:	  
–  Cook	  J	  and	  Sorbo	  L,	  Phys.	  
Rev.	  D	  83	  023534	  (2012)	  

–  Barnaby	  N	  et	  al.,	  Phys.	  
Rev.	  D	  85	  023525	  (2012)	  
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FIG. 5: �GW h2 as function of the frequency f , for N = 60 e-foldings of observable inflation, a linear slow roll inflaton potential,
and �CMB = 0, 2.33, 2.66 (the value of � when the large scale CMB modes left the horizon). For reference we also show the
expected sensitivity of LISA, Advanced LIGO/VIRGO and Einstein Telescope (at their most sensitive frequency).
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FIG. 6: Region in the {NCMB , �CMB} plane (values assumed by these quantities when the large scale CMB modes left the
horizon) for which the gravity wave signal is detectable at Advanced LIGO/VIRGO and Einstein Telescope. The left and right
panel refer to a linear and quadratic inflaton potential, respectively.

IV. GRAVITATIONAL WAVES AT INTERFEROMETERS

In Section III we discussed the observable cosmological fluctuations on CMB/LSS scales. Such scales left the horizon
roughly 55 to 60 e-foldings before the end of inflation, during the phase where backreaction e�ects are negligible. In
this section, we instead study scalar and tensor fluctuations on much smaller scales. These modes left the horizon
closer to the end of inflation, when backreaction e�ects start to play an important role in determining the evolution
of the homogeneous background, ⇤(t) and H(t). Our main results are summarized in figure 6, where we show that
Advanced LIGO/VIRGO could detect a stochastic background of gravitational waves from inflation for ⇥CMB as small
as 2.33 (equivalent to f/(Mp�) � 0.021) in the case of a linear inflaton potential, and as small as 2.23 (equivalent to
f/(Mp�) � 0.031) in the case of a quadratic potential.



Results	  from	  ini(al	  LIGO	  
•  Ini(al	  LIGO:	  
ΩGW<6.9x10-‐6	  
between	  40–500	  Hz.	  

•  For	  aLIGO:	  ~104x	  
improvement	  from	  	  
10x	  be]er	  strain	  
sensi(vity	  and	  	  
	  fmin=	  40Hz→10Hz	  

19	  Nature	  460,	  990-‐994	  (20	  August	  2009)	  



Direc(onal	  searches	  

20	  

GW	  sky	  maps	  

directed	  searches	  

J.	  Abadie	  et	  al.,	  PRL	  107,	  271102	  (2011)	  



Non-‐Gaussianity	  
•  Recent	  work*	  suggests	  it	  

may	  be	  possible	  to	  exploit	  
non-‐Gaussianity	  of	  astro	  
GW	  background	  to	  
–  Measure	  coalescence	  rate	  
–  Improve	  detec(on	  

•  Ongoing	  work	  to	  test	  new	  
ideas	  and	  validate	  analysis	  
tools	  with	  mock	  datasets.	  
–  Building	  on	  T.	  Regimbau	  et	  
al.,	  Phys.	  Rev.	  D	  86,	  122001	  
(2012)	  

21	  *	  E.	  Thrane,	  PRD	  87,	  043009	  (2013)	  

Coalescence	  rate	  from	  duty	  cycle:	  a	  toy	  
model.	  



Signatures	  of	  non-‐Gaussianity	  
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